Abstract miRNAs are important regulatory elements for gene expression that are involved in diverse physiologic and pathologic processes. Canonical miRNA biogenesis consists of a two-step processing, from primary transcripts (pri-miRNA) to precursor miRNAs (pre-miRNA) mediated by Drosha in the nucleus and from pre-miRNAs to mature miRNAs mediated by Dicer in the cytoplasm. Various routes of miRNA maturation that are tightly regulated by signaling cascades and specific to an individual or a subclass of miRNAs have been recently identified. Here, we review the current findings in signaling-mediated miRNA processing as well as their potential clinical relevance in cancer.
Introduction miRNAs are abundant, short (20-25 nucleotides), singlestranded regulatory RNA molecules that play critical roles in a wide variety of biologic processes, including DNA repair and tissue development, and are characterized by the cleavage of their precursor transcripts by one or more RNase III enzymes into mature miRNAs, which are subsequently loaded onto Argonaute proteins to form the RNA-induced silencing complex (RISC), a ribonucleoprotein complex involved in posttranscriptional gene silencing (1, 2) . Similar to other classes of Argonaute-bound small RNAs, miRNAs also identify and target mRNAs based on the approximately 7 nt complementary base-pairing to the "seed sequence" of an miRNA, preferentially nucleotides 2 to 8 from the 5 0 end of a mature miRNA. Consequently, the targeted mRNAs are degraded, destabilized, or translationally suppressed by the Argonaute proteins (1, 3) . Computational and experimental studies have provided mounting evidence to support the broad impact of a miRNA on hundreds of mRNA targets, such that a majority of the human transcripts are predicted and proven to carry conserved binding sites for multiple miRNAs (1) . Not surprisingly, the deregulation of homeostatic control of miRNA biogenesis is associated with multiple pathologic diseases, including cancers (4) (5) (6) .
A global downregulation of mature miRNA levels as well as upregulation of specific miRNAs that are associated with oncogenic events (oncomiR) are important features in cancer development and progression (4, 5, 7) . The steady level of mature miRNA is determined by the rate of its transcription, biogenesis processing, and turnover (8) . Transcriptional regulation, either through activation or silencing, accounts for most of the alterations in miRNA production (9) . However, in cancers, a significant portion of mature miRNAs is downregulated in the tumors even though their primary transcripts and/or precursors (pre-miRNAs) are unaltered or even elevated (6, 7, 10, 11) . Indeed, miRNA maturation is subjected to complex regulations, and defects along this process may significantly contribute to tumorigenesis and cancer progression (12) (13) (14) (15) . Contrary to the notion that all miRNAs follow a universal linear pathway toward maturation (1, 8) , a growing body of evidence indicates that an individual or a cluster of miRNAs can be processed and expressed differentially by miRNA-specific regulatory mechanisms. Such regulations mainly rely on the interplays between miRNA core machineries, RNAbinding proteins (RBP), and signaling transducers or executors in response to external or internal stimuli, and dynamically shape the extent of miRNA production to maintain robust gene expression under specific physiologic and/or pathophysiologic conditions. In this review, we discuss the recent progress toward the understanding of the complexity of miRNA processing with specific emphasis on signaling-regulated miRNA maturation and its potential clinical application in cancers.
Classical Linear Processing of miRNAs
The canonical processing pathway mediated by RNase III enzymes generates the majority of miRNAs in metazoan (1, 16) . Biogenesis of miRNA begins with RNA polymerase IIdependent (predominant) or RNA polymerase III-dependent transcription that generates a long primary transcript (primiRNA) containing a typical hairpin structure. Like mRNAs, most pri-miRNAs are 5 0 7-methyl-guanosine (m7G) capped and 3 0 polyadenylated before cleavage by the nuclear microprocessor Drosha/DGCR8 heterodimer (1). DGCR8 (DiGeorge syndrome critical region gene 8; also known as Pasha in invertebrates) functions as a molecular anchor that recognizes pri-miRNA at the stem single-stranded RNA junction and positions RNase III endonuclease Drosha at the correct catalytic sites to cleave approximately 11 bp away from the junction, releasing a hairpin-shaped pre-miRNA (1). Alternatively, miRNAs can be generated from short intronic hairpins called mirtrons that are excised by splicing and debranching to mimic a regular pre-miRNA, bypassing the first-step cleavage mediated by Drosha/DGCR8 in the nucleus (2) . The secondary double-stranded RNA (dsRNA) stem (>14 bp) along with a short 3 0 overhang of the resulting miRNA precursor, approximately 55-70 nucleotide (nt) in length, is then recognized by exportin-5 (XPO5) in complex with Ran-GTP, enabling its subsequent shuttling to the cytoplasm via GTP hydrolysis (1, 10) .
In the cytoplasm, the terminal loop of pre-miRNA is cleaved by another dsRNA-specific RNase . TRBP facilitates Dicer-mediated cleavage through direct binding with the pre-miRNA via its two dsRNA-binding domains (dsRBD) and concomitantly enhances the stability of Dicer-RNA complex using its third dsRBD (18, 19) . Both TRBP and PACT, though not essential for miRNA maturation, participate in the recruitment of Argonaute2 (Ago2) to Dicer, forming the RISC loading complex (RLC) for efficient miRNA processing and subsequent RISC assembly (8) . Notably, in vitro reconstitution of RISC loading and activation can be achieved by just Dicer, TRBP, and Ago2 alone (20) . Exported miRNA precursors associate with a preformed RLC complex independently of ATP hydrolysis (20) . After cleavage, miRNA duplex is further unwound based on the rule of asymmetric separation-the strand with less stable base pairs at its 5 0 end in dsRNA intermediate is selected and loaded onto RISC (1) . Although it remains unclear how the RLC precisely coordinates the sequential events, such as precursor loading, cleavage, duplex unwinding, and subsequent cargo loading onto RISC, evidence suggests that the stable end of the Dicer-cleaved RNA duplex is bound to TRBP in RLC, whereas the other end interacts with Ago2 (1, 3), resulting in a functional guide strand (mature miRNA) that is complementary to its mRNA targets and a passenger strand that is quickly degraded. After the dsRNA unwinds, Ago2 (and possibly other Ago proteins) loaded with mature miRNA dissociates from Dicer and TRBP to form the active RISC for target gene silencing (3) .
Argonautes are highly specialized binding modules that function as regulators in miRNA maturation and executors in small RNA-mediated gene silencing (8, 21) . All Ago proteins are characterized by evolutionarily conserved MID and PAZ domains involved in RNA binding, and an RNase H-like PIWI domain with endonuclease activity (3, 21) . In mammals, there are four Ago proteins (Ago1-4) but only Ago2 is catalytically active and functions as an endonuclease (21) . Structural studies have indicated that the 3 0 end of a mature miRNA is stably bound by the PAZ domain while the 5 0 phosphate group of the small RNA is anchored by the MID domain (3) . Proper loading and duplex unwinding of the small RNA are further assisted by Argonautes' N domain (22) . In some cases, a processing intermediate is generated by Ago2-dependent cleavage of pre-miRNA to facilitate miRNA maturation and removal of the passenger strand (opposite strand of a mature miRNA). In addition, Ago proteins are capable of stabilizing mature miRNAs by direct binding and posttranscriptionally regulating miRNA abundance independently of their endonuclease activity (23) . Recently, a Dicer-independent miRNA biogenesis pathway utilizing Ago2 slicer catalytic activity for processing, as exemplified by pre-miR-451, was identified (24, 25) . The short stem region of pre-miR-451 cannot be recognized by Dicer but is trimmed by Ago2 to generate the corresponding mature miRNA (24) . However, the extent to which this Ago-dependent miRNA processing occurs is still unclear and requires further investigation.
What Regulates the Classical Linear miRNA Processing?
miRNAs are often deregulated in cancers (4, 5, 7) . In contrast to oncogenes or tumor suppressors, miRNA alteration is rarely caused by gene amplification or disruption (2) . Rather, impairment of critical steps in the process of miRNA maturation, either in the nucleus or in the cytoplasm, is likely to be the underlying cause that contributes to the development of malignancies. Notably, recent studies have demonstrated extensive crosstalk between signaling pathways and miRNA processing ( Fig. 1) , suggesting that miRNA biogenesis is under tight signaling control and has been an important part of the large regulatory networks.
Signaling-mediated regulation of miRNA processing in the nucleus DDX5 and DDX17-hub for signaling transduction. Microprocessor, Drosha-DGCR8 complex, is essential for miRNA processing in the nucleus (1, 16) . To maintain homeostatic control of miRNA biogenesis, the stability of this complex is self-regulated such that Drosha-DGCR8 destabilizes DGCR8 mRNA through direct binding and DGCR8 stabilizes Drosha via protein-protein interaction (26) . The nuclear processing efficacy of pri-miRNAs is further finetuned by other accessory RNA-binding proteins, such as DDX5 (also known as p68) and DDX17 (also known as p72; refs. 1, 10). Both DDX5 and DDX17 interact directly with Drosha/DGCR8 to form a larger nuclear processing complex (also known as super microprocessor) and function as restricted promoting factors that are specifically required for efficient processing of a subset of primiRNAs (10, 27, 28) . Interestingly, DDX5 and DDX17 also serve as signal mediators that bridge the nuclear microprocessor activity with other signaling pathways under various circumstances. For instance, in DNA damage, tumor suppressor p53 binds with DDX5 to enhance Drosha/DGCR8-mediated processing of a cluster of miRNAs that exert growth-suppressive functions. Transcriptionally inactive p53 mutants, frequently identified in human tumors, interfere with the functional assembly between Drosha complex and DDX5, which in turn hinder the nuclear processing of these miRNAs (14) . A similar case has been demonstrated for SMAD signal transducers in response to TGFb and bone morphogenetic protein growth factor (15) in which the SMADs, in complex with the super microprocessor component DDX5, promote the nuclear processing of miRNA (specifically, miR-21, a well-characterized oncomiR in cancer) via a consensus binding sequence (similar to the known SMAD-response element in gene promoters) in the dsRNA stem of the pri-miRNA. More recently, cell density-dependent control of miRNA biogenesis is linked to the tumor-suppressive Hippo signaling pathway via its downstream target Yes-associated protein 1 (YAP, an oncogene inactivated by Hippo signaling; ref. 13) . At low cell density, DDX17 (p72) is bound and sequestered by nuclear YAP and is dissociated from the nuclear microprocessor complex, hence decreasing the processing efficacy of a group of pri-miRNAs in the nucleus. When reaching high cell density, YAP is restricted to the cytoplasm by activated Hippo signaling. In such case, DDX17 associates with Drosha-DGCR8 complex and enhances miRNA processing by binding to a specific sequence motif in the 3 0 flanking region of a pri-miRNA.
Notably, DDX5 and DDX17 are also known to function as transcription regulators (27) , either as coactivators (predominant) or corepressors. For instance, both DDX5 and DDX17 serve as coactivators of ERa, b-catenin, and MyoD by recruiting other components of transcriptional machinery to the target gene promoters (29) (30) (31) (32) . More specifically, DDX5 interacts directly with transcription factors p53, AR, RunX2, and NFkB (p50 subunit; refs. [33] [34] [35] [36] , and DDX17 upregulates MDM2 transcription in both p53-dependent and -independent manners (27) . Although the precise roles of DDX5 and DDX17 in cancer development remain controversial, Ddx5-deficient and Ddx17-deficient mouse embryonic fibroblasts exhibit reduced cell growth and enhanced apoptosis (37) . Consistently, silencing both DDX5 and DDX17 inhibits cell proliferation (38) , whereas overexpression of DDX5 facilitates cell growth and promotes epithelial-to-mesenchymal (EMT) transition upon growth factor stimulation (32) . In human invasive breast carcinomas, overexpression and gene amplification, but rarely mutations, are frequently observed in DDX5 (8.6% amplification vs. 0.3% mutation; ref. 39 ). Interestingly, however, higher expression of DDX17 is associated with increased disease-free and overall survival (40) . In terms of prognosis, differential roles of DDX5 and DDX17 have also been reported in other cancer types, including head and neck, prostate, and colorectal cancers (34, 41, 42) . It is likely that their functions, as tumor promoters or suppressors, are cell type-dependent or restricted by certain genetic background. Of note, numerous binding partners of DDX5 and DDX17 are involved in both transcriptional regulation and miRNA processing, suggesting that an intimate gene regulatory network exists at transcriptional and posttranscriptional levels. Nonetheless, the detailed functions of DDX5 and DDX17 as components of the Drosha-DGCR8 complex in cancer development remain elusive, necessitating further systematic studies of their specific target miRNAs.
Other regulatory elements of nuclear miRNA processing. Drosha-DGCR8-mediated miRNA processing is also subjected to other regulatory mechanisms, including additional binding partners of microprocessor, posttranscriptional RNA editing, and multiple RNA-binding proteins that recognize and directly interact with a specific subclass of pri-miRNAs (summarized in Fig. 1A ).
Additional microprocessor partners. DGCR8 is a heme-binding protein, and heme promotes DGCR8 dimerization to trimerize upon pri-miRNA loading, which subsequently facilitates nuclear miRNA processing by blocking DGCR8's autoinhibition domain (43) . In contrast, methyl-CpG-binding protein 2 (MeCP2), a transcriptional repressor, which is critical for proper development and function in the central nervous system, interferes with the assembly of Drosha-DGCR8 complex through direct binding to DGCR8 via its C-terminal domain (44) . Interestingly, the association between MeCP2 and DGCR8 is tightly regulated by the phosphorylation status of MeCP2 at Ser80, which is continuously phosphorylated in a resting state but rapidly dephosphorylated upon neuronal activation (44) . As a protein-binding switch, phosphorylation of MeCP2 at Ser80 maintains it in an open conformation to allow interaction with DGCR8, leading to inhibition of miRNA maturation by dissembling the microprocessor complex (44) . Smad nuclear interacting protein 1 (SNIP1), a known inhibitor of the TGFb and NFkB signaling pathways, is also involved in the regulation of miRNA biogenesis (45) . SNIP1 has direct RNA-binding capability and associates with Drosha to enhance miRNA production. Different from other miRNA regulators, knockdown of SNIP1 downregulates pri-(transcription unaffected), pre-, and mature miRNAs, suggesting that SNIP1 regulates the turnover/stability of pri-miRNAs rather than the processing efficacy in the nucleus (45) .
Posttranscriptional modification of miRNAs. Intriguingly, the stability and nuclear processing of pri-miRNAs are also regulated by RNA editing. Adenosine deaminases acting on RNA (ADAR), ADAR1, and ADAR2, are involved in the conversion of adenosine to inosine in a subclass of pri-miRNAs. The resulting A to I conversion, suppresses Drosha-mediated cleavage by reducing the overall stability of dsRNA via conformational change. Edited pri-miRNAs are then recognized and degraded by Tudor staphylococcal nuclease, a ribonuclease that specifically targets inosinecontaining dsRNAs (46) . Of note, the RNA-editing activity of ADAR1 is inhibited by SUMO-1 via SUMOylation at K418 (47), suggesting the presence of an upstream signaling modulator for RNA editing-regulated miRNA processing.
RNA-binding proteins. Another essential regulatory module in the nuclear miRNA processing belongs to a large family of RNAbinding proteins (RBP). RBPs, including DDX5 and DDX17, are key players in miRNA biogenesis as they control multistep processing as well as the localization, degradation, and functional activity of miRNAs. Most RBPs recognize specific sequence motifs or secondary structures via their RNA-binding domains. For instance, mRNA splicing factor SRSF1 (also known as SF2/ASF) binds to the stem region of specific primiRNAs (48), while heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) and KH-type splicing regulatory protein (KSRP; also known as KHSRP) recognizes the terminal loop of a subclass of pri-miRNAs (49, 50) . Nonetheless, they all facilitate cleavage by Drosha-DGCR8 upon pri-miRNA anchoring, with the exception of pri-let-7, which is inhibited by hnRNP A1 (51) . Another RBP, Lin28, which is exclusively expressed in the undifferentiated stage, also specifically binds to the terminal loop of pri-let-7, thereby inhibiting its processing in the nucleus (52) . Similarly, NF90 and NF45, two known components of the larger Drosha/DGCR8 complex, suppress Drosha-mediated cleavage via competitive loading with certain pri-miRNAs (53) . The fact that RBPs share a large number of overlapping RNA targets raises an interesting question of how upstream signals efficiently coordinate different RBP-RNA interactomes, either spatially or temporally, to influence specific miRNA processing in the nucleus.
DNA-binding proteins. Rarely, a DNA-binding protein, as exemplified by the DNA damage repair protein, breast cancer associated gene 1 (BRCA1), promotes the processing of a subclass of miRNAs via direct interaction with their primary transcripts (54) . BRCA1 associates with the super microprocessor complex as well as other Mediator, direct interacting partner; E-X, enhancing factor-X; R-X, reducing factor-X. B, the direct upstream regulators for miRNA shuttling have not yet been identified. However, the XPO5 function is compromised in human primary colorectal tumors with microsatellite instability due to frameshift mutations. C, TRBP is phosphorylated and stabilized by activated MAPK-ERK pathway. Phosphorylated TRBP stabilizes Dicer and enhances general miRNA processing with the exception of pre-let-7, which is inhibited by TRBP phosphorylation. (Continued on the following page.) additional processing modulators, including Smad3, p53, and DHX9. The DNA-binding domain of BRCA1 is required for anchoring the branched structure at the root of a hairpin in pri-miRNAs similar to its DNA-binding preference. Because the regulatory function of BRCA1 in miRNA processing was examined in the absence of DNA damage, it remains unknown whether BRCA1 maintains similar functions in response to DNA damage, and, if so, whether the miRNAs regulated by BRCA1 are critical for its functions in DNA repair.
Genetic control of miRNA shuttling A frameshift mutation was identified in pre-miRNA nuclear export receptor, XPO5, which creates a premature termination codon, results in a truncated protein that lacks a small region in the C-terminus (55) . Interestingly, mutant XPO5 fails to form a proper XPO5/Ran-GTP/pre-miRNA ternary complex due to its reduced binding and/or recognition capability with the premiRNA cargo. Consequently, the miRNA precursors after the first-step processing are trapped in the nucleus, leading to reduced expression of mature miRNAs (55) . Genetic alterations of XPO5 are heterogeneous in human cancers that generally occur at a low frequency. In ovarian serous cystadenocarcinoma and glioblastoma, XPO5 is amplified (with 2.8% and 1.5% incidence, respectively; refs. 56, 57) without mutations, whereas gene amplification and mutations of XPO5 coexist in other cancer types, including breast, prostate, and colon cancers (1.4% amplification vs. 0.5% mutation in colorectal carcinomas; ref. 58) . In contrast, XPO5 frameshift mutations are present in 22.8% of human primary colorectal tumors with microsatellite instability, a state of genetic hypermutability that results from impaired DNA mismatch repair (55) , suggesting that genetic control of miRNA export is critically important in this subpopulation of patients. So far, the upstream signaling regulators for pre-miRNA export, either via XPO5 or Ran-GTP, have not yet been identified (Fig. 1B) .
Signaling-mediated regulation of miRNA processing in the cytoplasm Regulation of Dicer. As a haploinsufficient tumor suppressor, mutations and heterozygous deletion of DICER1 are frequently observed in human tumors (59) (60) (61) . The steady level of Dicer is positively regulated by the Dicer-TRBP complex (18) , and the expression of Dicer is further controlled by multiple miRNAs targeting its long 3 0 untranslated region (UTR). Both let-7 and miR-103/107 reduce the protein level of Dicer through direct interaction with multiple binding sequences found in the 3 0 UTR or the coding region of DICER1 mRNA (62, 63) . High expression of miR-103/107 attenuates Dicer-mediated miRNA processing, resulting in downregulation of mature miRNAs. Subsequently, blocked biogenesis, particularly of the miR-200 family, promotes EMT in breast cancer cells (63) . More recently, Dicer was shown to be SUMOylated after short exposure of alveolar macrophages to cigarette smoke (64) , but the detailed mechanistic nature as well as the potential functional importance of this posttranslational modification in Dicer-mediated miRNA processing remain unclear.
Regulation of TRBP. TRBP, a key component of the RISC-loading complex, is also susceptible to genetic disruptions. Frameshift TRBP mutants with reduced binding affinity with Dicer have been identified in human colorectal tumors with microsatellite instability (65, 66) . In general, the mutation rate of TRBP is very low in human cancers, such that less than 1.5% is found in colorectal adenocarcinoma (58) . However, TRBP is deleted in 15% of adenoid cystic carcinoma (67) , implying a potential pivotal role of TRBP in this specific cancer type. The underlying mechanisms of genetic deletion as well as the corresponding functional consequences of TRBP deletion in these tumors remain to be investigated.
Interestingly, TRBP is rapidly phosphorylated by mitogen-activated protein kinase 1 (Erk) at S142, S152, S283, and S286 in response to growth factor stimulation (68) . Phosphorylation of TRBP stabilizes its interaction with Dicer, resulting in enhanced miRNA processing in the cytoplasm. In contrast, expression of the let-7 tumor suppressor family is downregulated in the context of TRBP phosphorylation (Fig. 1C) , raising the question of how phosphorylated TRBP recognizes and specifically inhibits the maturation of let-7 miRNAs. More recently, additional residues in TRBP at the N-terminal region were reported to be phosphorylated (referred to as "hyperphosphorylation" to distinguish it from the abovementioned phosphorylation events mediated by Erk) by JNK during cell-cycle progression, specifically in M-phase (69) . Hyperphosphorylated TRBP does not affect its binding affinity for Dicer but enhances its inhibitory activity toward another known binding partner, dsRNA-dependent protein kinase R (PKR), through strengthened direct association between TRBP-PKR during mitosis (69) . The mechanistic nature of TRBP hyperphosphorylation, including the specific residues of TRBP phosphorylated by JNK and/or other additional mitosis-specific kinases as well as the detailed biologic consequences of this hyperphosphorylation event in cell-cycle progression and/or miRNA regulation, is worthy of further investigation.
Specific regulation of the let-7 family. The let-7 miRNAs directly target multiple oncogenes, including RAS (70), myc (71) , and HMGA2 (72, 73) , which are involved in cell proliferation and invasion. Hence, let-7 family members function as tumor suppressors, and their reduced expression levels in many human cancers are closely associated with cancer progression (74) (75) (76) . Not surprisingly, it appears that multiple pathways concomitantly control the biogenesis of the let-7 family miRNAs. In the cytoplasm, pre-let-7 bound by Lin28 is frequently uridylated by TUT4 (also known as TUTase4 or ZCCHC11) and/or TUTase7 (also known as ZCCHC6) at the 3 0 terminus, which consequently inhibits Dicer cleavage for maturation and tags the precursor RNA (Continued.) D, Lin28 recognizes and binds to the loop of pre-let-7 and subsequently recruits TUT4 and/or TUTase7 to uridylate the miRNA precursor at the 3 0 terminus. Polyuridylation inhibits Dicer cleavage and tags the precursor RNA for rapid degradation by nucleases. E, KSRP interacts with Dicer and facilitates miRNA processing by recognizing and anchoring to the conserved region of precursor terminal loop. F, the loop structure of pre-miRNAs is also recognized by MCPIP1, a Dicer antagonist, which binds to and cleaves the loops from precursors for degradation. G, Ago2 is stabilized and functionally potentiated by hydroxylation at P700 mediated by type I collagen hydroxylase, whose expression level is elevated under hypoxia. H, in response to hypoxia, Ago2 is phosphorylated by internalized EGFR at Y393 due to enhanced EGFR-Ago2 association in MVBs. Phosphorylation of Ago2 decreases its binding to Dicer, which then suppresses the maturation of a subclass of miRNAs with long-loop structures in their precursors. This in turn reduces the RISC activity due to a decreased loading of mature miRNAs onto RISC under hypoxia. EE, early endosome.
for rapid degradation by nucleases ( Fig. 1D; refs. 77-79 ). In contrast, KSRP anchors to the conserved region of the let-7 terminal loop and that of the other miRNAs, thereby facilitating their maturation through interaction with Dicer in the cytoplasm (Fig. 1E; ref. 50) . The loop structure of pre-miRNA is also recognized by the endo-RNase monocyte chemoattractant protein induced protein 1 (MCPIP1; also known as ZC3H12A), a Dicer antagonist, which binds to and cleaves the loop from the target miRNA precursors for degradation (Fig. 1F) (80) . In particular, both Lin28 and MCPIP1 are upregulated in response to inflammation (80, 81) , whereas KSRP is phosphorylated and functionally inhibited by p38 MAPK and the PI3K-AKT pathway (82, 83) . All of these suggest that the maturation of the let-7 family is likely under extensive signaling regulation.
Regulation of Argonautes. Another essential regulatory module in miRNA biogenesis is the Argonautes. Particularly, Ago2 is under tight regulation in response to various signals. Ago2 is stabilized and functionally potentiated by type I collagen prolyl-4-hydroxylase-mediated hydroxylation at P700 ( Fig. 1G ; refs. 84, 85) . During undifferentiated cell stage, such as in embryonic stem cells and embryocarcinoma cell lines, Ago2 is polyubiquitinated by the E3 ligase mLin-41 (mouse homologue of Lin-41; also known as TRIM71), and subsequently undergoes proteasomemediated degradation (86) . Similar to Lin28, Lin-41 is also targeted and suppressed by let-7 in differentiated cells. To date, the specific E3 ligase responsible for Ago2 ubiquitination in somatic cells has not yet been identified. Nonetheless, studies have indicated that miRNA-loading-free Dicer and Ago2 are marked by polyubiquitination and undergo autophagy-mediated degradation through direct interaction with selective autophagy receptor NDP52 (87) . In the context of cellular stress, Ago2 is modified by poly-ADP-ribosylation, which consequently relieves miRNA-mediated gene silencing (88) . The expression of mature miRNAs under this stress condition was not examined by the authors. Thus, it remains unknown whether the process of miRNA maturation would be similarly affected by this type of posttranslational modification. Besides that, the functionality of Ago2 in miRNA processing is also modulated by its binding partner Hsp90, which facilitates the loading of RNA duplex from Dicer into Ago2 in an ATP-dependent manner (89) (90) (91) .
Like most signaling mediators, Ago2 receives signals (e.g., phosphorylation) in response to external or internal stimuli and transmits new signals (functional changes) by orchestrating gene expression programs via miRNA regulation. Human Ago2 is phosphorylated at Ser387 by both p38 MAPK and the protooncogene Akt3 (92, 93) . S387 phosphorylation of Ago2 facilitates its localization to the cytoplasmic processing bodies (P bodies, which are intracellular sites for mRNA turnover and translational repression) and enhances its binding with GW182, a key component of RISC. As a net result, Ago2-mediated translational repression is strengthened while its cleavage activity toward target mRNAs is paradoxically reduced (93) . In addition, mass spectrometric analysis identified Ago2-Y529 as a potential phosphorylation site (94) . Substitution of Y529 with a negatively charged glutamate reduces the binding ability of Ago2 to small RNAs. Notably, Ago2-Y529 phosphorylation was recently found to be elevated in response to lipopolysaccharide in macrophages, leading to a transient reversal of miRNA-mediated repression that subsequently enhances cytokine expression during the early phase of inflammatory response (95) . However, the specific tyrosine kinase that is responsible for this phosphorylation has not yet been identified. More recently, our laboratory reported another phosphorylation of Ago2 at a highly conserved residue Y393, which is located in the linker region between the PAZ and MID domain (12, 94) . In response to hypoxia, Ago2-Y393 is phosphorylated by internalized EGFR due to enhanced EGFR-Ago2 association in multivesicular bodies (MVB; ref. 12). Phosphorylation of Ago2 at Y393 decreases its binding with Dicer, which consequently suppresses the maturation of a subset of miRNAs with long-loop structures in their precursors, leading to a reduced RISC activity under hypoxia (Fig. 1H) . Interestingly, a majority of the miRNAs regulated by Ago2-Y393 phosphorylation in response to hypoxic stress possesses tumor-suppressive properties, at least in the cell lines examined such as HeLa and MDA-MB-231. Consistently, phospho-Y393-Ago2 enhances cell survival and invasiveness under hypoxia, and is significantly correlated with poorer overall survival in patients with breast cancer (12) . Moreover, Ago2-Y393 phosphorylation is also regulated by tyrosine phosphatase 1B (PTP1B) and plays a pivotal role in H-RAS V12 -induced senescence in primary nontransformed cells (96) . PTP1B is oxidized and inactivated by oncogene-induced ROS that leads to elevated Ago2-Y393 phosphorylation, which decreases miRNA loading due to its reduced association with Dicer and consequently enhances the expression of p21, resulting in premature senescence (96) . It is not clear how one molecular event leads to different biologic consequences in cancer and normal cells. A possible explanation is that p53 and RB, two key master regulators in oncogene-induced senescence, are frequently mutated in human breast cancer cells (97, 98) , and thus bypassing Ago2 phosphorylation-induced checkpoint in senescence. Alternatively, the role of Ago2-Y393 phosphorylation may be finetuned by the expression profile of miRNA precursors and/or target mRNA levels, which may vary between different cell types and/or treatments.
From a genetic perspective, Ago2 is very different from Dicer and TRBP. Amplification of AGO2, but not other AGO family members, is frequently observed in human cancers (39, 56, 99) , including ovarian serous cystadenocarcinoma (23.4%), breast invasive carcinoma (15.7%), and metastatic prostate adenocarcinoma (14.8%). Intriguingly, amplification and/or upregulation of EGFR and AGO2 as well as TP53 mutation have a strong tendency toward co-occurrence in breast invasive tumors (EGFR and AGO2, P < 0.000001, OR ¼ 11.096; AGO2 and TP53, P < 0.000001, OR ¼ 5.946; EGFR and TP53, P < 0.000001, OR ¼ 19.063; Fisher exact test, from cBioPortal for Cancer Genomics), suggesting a common regulatory event upstream of EGFR, AGO2, and TP53, or a crossregulation among them. It remains unclear whether Ago2 itself, via miRNA-dependent and/or -independent functions, is a potential driver in cancer development or whether Ago2 is frequently phosphorylated due to concomitant hyperactivation of kinases (EGFR and possibly other tyrosine kinases), thereby conferring advantages for tumor progression with certain genetic background, such as TP53 mutation. In the latter scenario, complete inhibition of the upstream kinase activities may have potential clinical benefits for patients with breast cancer with AGO2 amplification.
Conclusion
Extensive studies in the recent years have demonstrated that miRNA biogenesis is tightly regulated by signaling pathways to achieve robust dynamic control of gene expression. However, the mechanistic nature of signaling-mediated miRNA maturation is only beginning to unfold, particularly how different upstream signals determine the regulation specificity of the general miRNA biogenesis machinery and how important they are as downstream events in response to specific external or internal stimuli. The biologic consequences of signaling-mediated regulation of miRNA biogenesis are complicated, likely to be context-dependent, and restricted by specific genetic background and expression profiles of pri-and/or pre-miRNAs. Also, it remains elusive how cancer cells temporally (the sequential order of tumor suppressor silencing, oncogene activation, and dysregulation of miRNA biogenesis) and/or spatially (the potential functional regulation of miRNA biogenesis exerted by signaling-controlled subcellular localization) control the functions of the miRNA biogenesis machinery to shape their miRNA-mediated gene silencing activity toward a more "cancer-prone" background to facilitate tumor development and progression. Systematic investigation and detailed analyses of the crosstalk between miRNA processing and traditional signaling networks under different circumstances, such as certain genetic background and/or specific internal and/or external stimuli, will be a central challenge in miRNA-related research. A better and comprehensive understanding of the regulatory mechanisms of miRNA biogenesis in pathophysiologic settings, for example, in cancers, would be a prerequisite for drug development and clinical applications.
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